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Abstract 
The BOSCO (“BOth Sides COllecting and COntacted”) solar cell features a double-sided emitter and contact grids on both 
surfaces. The emitter region on the rear is connected to the front side by diffused vias. The structure allows the use of standard 
module interconnection technology and favours the use of silicon substrates with low to medium diffusion length and low 
resistivity for maximum benefit towards other structures, such as Al-BSF and PERC. Within this work, we summarize the latest 
results on multi-crystalline silicon (mc-Si). Monofacial efficiencies of 17.4 % on large-area wafers from 9N (99.9999999 % pure) 
block-cast mc-Si and 16.9 % for low-quality 5N upgraded metallurgical-grade mc-Si have been achieved. These values represent 
a gain of 0.6 to 0.7 %abs compared to Al-BSF cells processed in parallel. First tests of bifacial operation under outdoor conditions 
yield a gain in output power of 13 % compared to monofacial operation. This effect makes the BOSCO solar cell concept a 
promising candidate to enable bifacial operation, even for low-cost wafers of low to medium diffusion length material. 
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1. Introduction 
The first silicon solar cells with diffused junctions featured a double-sided emitter [1]. Since then, several cell 
concepts [2–5] have aimed at utilizing the intrinsic advantage of structures with double-sided emitter in collection 
efficiency. Although high conversion efficiencies have been demonstrated [6–8], the interest in cell structures with 
double-sided emitter regions has cooled recently. Bifacial applications have drawn increasing attention due to the 
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rise of cell concepts featuring a grid on the rear side [9–13], which generally require high bulk diffusion lengths and 
are, hence, preferably realized on n-type silicon substrates. The novel BOSCO (“BOth Sides COllecting and 
COntacted”) solar cell concept [14,15] is beneficial for substrates with low diffusion length and favours bifacial 
application while supporting standard module interconnection technology. First experimental results on large-area 
mc-Si solar cells are reported in Ref. [15] while in Ref. [16], the potential of the BOSCO solar cell concept and its 
application to different silicon materials is discussed. This work summarizes the latest experimental results achieved 
on mc-Si solar cells. 
 
Fig. 1. (a) Sketch of the BOSCO solar cell structure with indicated current flow. (b,c) Photographs of a BOSCO solar cell’s front and rear side, 
respectively. (d) Photograph against back light visualizing the emitter vias in-between the front contact fingers as light spot rows. Illustrations 
are taken from Ref. [15]. 
2. The BOSCO cell concept 
Fig. 1 shows a sketch of the BOSCO solar cell concept with indicated current flow and photographs of the cell 
structure. The bifacial character of the cell architecture and its symmetric grid layout, which allows the use of 
standard module interconnection technology, can be seen. Minority carriers generated in the base can be collected on 
both sides in the double-sided emitter regions leading to an increased collection efficiency, especially for low 
diffusion length material [3,17]. Since the majority carriers have to drift laterally in order to reach the external 
contacts, series resistance and non-generation loss [3,17,18] enhanced fill factor losses can be induced. More details 
on the cell structure and its features are discussed in Refs. [15,16].  
In order to evaluate the suitability of the BOSCO cell concept depending on material parameters, two-
dimensional numerical device simulations have been performed with Sentaurus TCAD [19]. Carrier mobilities are 
described according to Schindler’s extension [20] of Klaassen’s model [21,22] and all other models are chosen as 
summarized in Ref. [23]. The generation profile is derived from ray tracing for an alkaline textured front and a 
planar rear side. The profile is assumed the same for aluminium back surface field (Al-BSF), BOSCO and passivated 
emitter and rear (PERC) [24] solar cells to focus on cell concept specific differences in the electric parameters. For 
the doped regions, dark saturation current densities of j0e,front = 150 fA/cm2 and j0e,rear = 100 fA/cm2 are assumed for 
the emitters on the textured front and the planar rear side, respectively, and j0,bsf = 300 fA/cm2 for the Al-BSF. 
Fig. 2 shows the results concerning monofacial illumination under standard test conditions for the BOSCO and 
Al-BSF cell concept when varying base resistivity and electron bulk diffusion length Lbulk over a wide parameter 
range. The finger pitch is chosen from a pitch optimization for maximum monofacial efficiency at a base resistivity 
of b = 0.5 cm giving values of pitchfinger = 1.8 mm for the BOSCO and pitchfinger = 2.2 mm for the Al-BSF cell 
concept. Considering virgin-grade silicon, the increase in short-circuit current density jsc for the BOSCO compared 
to the Al-BSF concept, which is due to the discussed double-sided carrier collection, overcompensates the losses in 
fill factor FF for base resistivities of b < 1.5 cm as shown in Fig. 2a. This parameter space is typical for dopant-
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compensated silicon such as so-called upgraded metallurgical-grade silicon (UMG Si) which is purified avoiding the 
gas phase. Considering a fixed ionized phosphorus concentration of ND = 1017 cm-3, efficiency values as shown in 
Fig. 2b result. As can be seen, the advantage of the BOSCO towards the Al-BSF solar cell concept extends over a 
wider parameter space than for non-compensated, virgin-grade silicon with a simulated efficiency advantage of up to 
 = 1 %abs. Further details on the performed simulations are given in Ref. [16]. 
 
Fig. 2. Numerical simulation results for monofacial performance under standard test conditions for the Al-BSF and BOSCO solar cell concept. 
(a) Efficiency  for virgin-grade and (b) compensated silicon assuming an ionized phosphorus concentration of ND = 1017 cm-3 and using 
Schindler’s extension [20] of Klaassen’s model [21,22] to obtain carrier mobility values. The green dash-dotted curves indicate the Auger limit 
at an injection level of n = 1013 cm-3 (representing low-level injection) according to Richter et al. [25]. The cell thickness is assumed to be 
W = 180 m. 
As a second reference structure, a PERC cell structure with the rear side recombination being described by the 
parameterization of Werner et al. [26] for aluminium oxide is considered. For the rear side contact, an additional 
contact line is assumed in the middle of the BOSCO cell’s rear contact lines giving a value of 
pitchfinger,rear,PERC = 0.9 mm. To compare the BOSCO, Al-BSF and PERC cell concepts, Lbulk is varied for 
b = 0.5 cm assuming virgin-grade silicon. Fig. 3a shows the resulting values of maximum output power density 
 
 
Fig. 3. (a) Comparison of maximum output power densities pMPP resulting from two-dimensional numerical simulations for BOSCO, Al-BSF, 
PERC cell concepts on a b = 0.5 cm virgin-grade silicon substrate. For the BOSCO cell concept, besides monofacial, also bifacial operation 
with a rear side illumination level of Erear = 0.1 suns is considered. (b) Absolute differences in pMPP compared to the Al-BSF cell concept. (c) 
Zoom into Fig. 2a (right) and indication of experimentally achieved results by symbols, compare section 4.1. Open symbols represent UMG and 
closed symbols electronic-grade feedstock. 
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for all three cell concepts (≙ efficiency values for monofacial illumination) and Fig. 3b absolute differences 
compared to the values obtained for the Al-BSF cell concept. It can be seen that the BOSCO cell concept is 
beneficial towards both Al-BSF and PERC for Lbulk < W with W = 180m being the cell thickness. For higher 
diffusion lengths, the PERC solar cell concept yields higher monofacial efficiencies. In addition to the scenario of 
monofacial illumination only, also a bifacial scenario with an illumination level of Erear = 0.1 suns from the rear side 
is considered for the BOSCO cell concept, assuming the same optics as for the illumination from the front side. This 
assumption represents a rough approximation of the true generation profile. Figs. 3a and b show that, when utilizing 
only this small albedo, a significant gain can be expected for the BOSCO concept towards the other two concepts 
across the entire parameter range. 
3. Experimental 
To evaluate the potential of the BOSCO solar cell concept experimentally, BOSCO cells were manufactured at 
Fraunhofer ISE on 15.6×15.6 cm2 block-cast mc-Si wafers exhibiting varying purity and base resistivity. The 
investigated materials include UMG Si with a feedstock purity of 4N (i.e., 99.99 % pure silicon) and 5N, as well as 
electronic-grade EG silicon with a purity of 9N. As a reference, Al-BSF and PERC cells have been processed in 
parallel to the BOSCO cells. Also, BOSCO cells without via holes have been assembled in order to assess the gain 
due to double-sided collection. Fig. 4 (left) depicts the principal process flow of all three cell concepts. The process 
flow for the BOSCO cell concept is similar to the well-known process flow for a typical PERC concept. Differences 
are that for the BOSCO cell concept vias are drilled into the wafer prior to surface texture using an IR laser and a 
diffusion barrier is deposited in order to obtain the structured emitter on the rear side. On the other hand, the emitter 
removal on the cell’s rear side can be omitted. When optimized for bifacial illumination, the rear side polish is 
expected not to be needed in the BOSCO process flow. Moreover, instead of contacting the rear side by an additional 
laser processing step such as laser contact opening (LCO) [27–29] or laser-fired contacts (LFC) [30,31], fire-through 
contacts [32] might be an alternative saving an additional processing step. In summary, the complexity of a lean 
BOSCO solar cell process flow is comparable to that of a PERC process flow. 
 
 
Fig. 4. (left) Principle process flow of BOSCO, PERC and Al-BSF cell concepts. Optional processing steps are highlighted in the dashed boxes. 
(right) Mean (symbols) and maximum (stars) values for (a) efficiency , (b) short-circuit current density jsc, (c) open-circuit voltage Voc, (d) fill 
factor FF of BOSCO, Al-BSF and PERC cells processed on different materials with varying purity and base resistivity. Cell area is 
Acell = 15.6×15.6 cm2 and all measurements were performed on a non-reflecting chuck representing monofacial operation. 
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For the BOSCO cells presented within this work, the rear side is wet-chemically polished and the diffusion barrier 
is formed by structuring a silicon oxide deposited by plasma-enhanced chemical vapour deposition (PECVD) with a 
screen-printed etch-resist lacquer and subsequent wet-chemical oxide strip. The rear side is passivated with PECVD 
aluminium oxide [33] stacked with a PECVD silicon oxide and a PECVD silicon nitride capping layer. The 
metallization is screen-printed and the rear-side contact is formed with LFC. The PERC reference cells are processed 
in parallel with the rear side being fully protected during diffusion by a PECVD silicon oxide diffusion barrier 
omitting the rear emitter etch. For the Al-BSF cells, edge isolation is performed via laser [34,35] after firing also 
omitting the rear emitter etch. 
4. Results 
4.1. Monofacial illumination 
Fig. 4 (right) shows I-V results of the processed cells measured on a non-reflecting chuck (for different 
measurement standards existing for bifacial solar cells, see [36]) and Table 1 selected I-V parameters for the 
materials with b ≈ 0.4 cm. Measuring on a non-reflecting chuck means that the measurement conditions (i) 
represent monofacial illumination and (ii) neglect a possible gain in generated current due to transmission of 
radiation through the cell and subsequent back reflection on a reflecting chuck, an effect which is expected for a 
white module backsheet or other reflecting compounds behind the cell. Hence, the efficiencies shown for the 
BOSCO cells need to be considered a lower limit. Nonetheless, an efficiency gain of the BOSCO towards the Al-
BSF cell concept is obtained for every material. 
As expected, the short-circuit current density of the BOSCO cells is increased due to the double-sided collection. 
This increase is the higher, the lower the bulk diffusion length is. Also, due to the applied rear side polish and rear 
side dielectric deposition during BOSCO cell processing, the BOSCO cells exhibit better internal optics compared to 
the Al-BSF cells. The effects influencing short-circuit current density are illustrated by measured internal quantum 
efficiencies IQE of cells manufactured on neighbouring wafers of material ‘UMG 5N’, see Fig. 5a. For wavelengths 
of  < 750 nm, all cells behave similarly since the front junction collects most carriers. For longer wavelengths, the 
rear side emitter of the BOSCO solar cells leads to a significant increase in collection efficiency and therefore IQE. 
Comparing the PERC and the Al-BSF cell, the IQE of the PERC cell is higher for wavelengths  > 1000 nm which 
is caused by the aforementioned increased internal reflection due the polished rear side capped with a dielectric. 
Concerning open-circuit voltage, the BOSCO and PERC cells achieve a significant gain towards the Al-BSF cells 
due to the passivated rear sides. As expected, the biggest challenge for the performance of BOSCO solar cells under 
standard test conditions constitutes its fill factor limitation. On all materials, a significant loss towards the Al-BSF 
reference cells is observed. The fill factor loss is mainly caused by series resistance. However, also losses affecting 
the pseudo fill factor pFF extracted from suns-Voc measurements [37] such as recombination of the rear side pn 
junction and non-generation losses are significant. Furthermore, parasitic shunting on the edges, which can be 
avoided in principle, affects the pFF of the discussed cells, Table 1 shows that the losses in pFF account for 
FF = -1 %abs for the materials ‘UMG 5N’ and EG with b = 0.4 cm. For the EG material with b = 1.1 cm, the 
pFF loss accounts for FF = -0.6 %abs and for material ‘UMG 4N’ for FF = -2.1 %abs. This very high value is 
mainly caused by a poor shunt resistance of Rp ≈ 1.5 kcm2 leading to a pseudo fill factor of only pFF = 77.8 %abs. 
If we attribute the fill factor losses caused by series resistance to the fill factor difference pFF-FF [38], values of 
1.3 %abs (UMG 4N, 0.1 cm), 1.6 %abs (UMG 5N and EG, 0.4 cm) and 2.6 %abs (EG, 1.1 cm) result showing the 
expected increasing series-resistance-enhanced FF loss with increasing base resistivity. If the shunting issues for 
material ‘UMG 4N’ are resolved, an even higher gain in efficiency than the achieved  = 0.8 %abs can be expected. 
Measurements of the I-V characteristics for illumination levels of E < 1 sun, which – depending on the installation 
site – may often occur in the field, have shown a superior weak-light performance of the BOSCO cells compared to 
the Al-BSF and PERC cells [16]. This behaviour is due to the discussed series-resistance enhanced FF limitation of 
the BOSCO cell performance under STC which relaxes for lower illumination levels due to the lower generated 
current. 
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Table 1. Solar cell parameters of the two multicrystalline silicon material groups with b ≈ 0.4 cm. Cell area is Acell = 15.6×15.6 cm2 and all 
measurements were performed on a non-reflecting chuck. *)independently confirmed by Fraunhofer ISE Callab.  
Cell 
type 
Feedstock 
purity 
b 
(cm) 
Value 
(# cells) 
Voc 
(mV) 
Jsc 
(mA/cm2) 
FF 
(%) 
pFF 
(%) 
 
(%) 
BOSCO 5N 0.4 Avg. (12) 636±3 34.6±0.2 76.6±0.5 80.2±0.4 16.9±0.1 
 5N 0.4 Best*) 634 35.0 76.3 - 16.9 
Al-BSF 5N 0.4 Avg. (11) 626±3 32.7±0.5 79.2±0.5 81.3±0.5 16.2±0.3 
 5N 0.4 Best*) 631 33.0 79.3 - 16.5 
PERC 5N 0.4 Avg. (17) 636±2 34.3±0.4 78.4±0.7 81.0±0.5 17.1±0.3 
 5N 0.4 Best*) 636 34.3 79.3 - 17.3 
BOSCO 9N 0.4 Avg. (15) 632±3 35.6±0.1 77.0±0.4 80.9±0.5 17.3±0.2 
 9N 0.4 Best*) 634 35.4 77.4 - 17.4 
Al-BSF 9N 0.4 Avg. (16) 622±2 33.6±0.3 79.5±0.5 81.9±0.4 16.6±0.2 
 9N 0.4 Best*) 629 33.7 79.8 - 16.9 
PERC 9N 0.4 Avg. (20) 635±2 35.5±0.2 78.6±0.4 81.4±0.4 17.7±0.2 
 9N 0.4 Best*) 638 35.6 78.7 - 17.9 
 
In summary, the achieved monofacial efficiency gain under STC of the BOSCO towards the Al-BSF solar cell 
concept is  = 0.8 %abs for material UMG 4N,  = 0.6 to 0.7 %abs for the b = 0.4 cm and  = 0.1 %abs for the 
b = 1.1 cm material. In order to assess the experimentally gained values in comparison to the simulation results, 
the achieved efficiency gains are plotted in Fig. 3c together with the simulated gains from Fig. 2a. A qualitatively 
good agreement can be seen with the experimentally gained values even exceeding the simulated ones. One 
important factor for this occurrence is that for the simulation the generation profiles are assumed to be identical for 
both cell concepts while in the experimentally fabricated cells, more current is generated within the BOSCO cells 
due to better internal optics. Concerning absolute efficiency values, the experimentally achieved values are 
significantly lower than the simulated ones, compare Fig. 2 (left). Reasons include less photo-current generation due 
to the experimentally applied acidic texture exhibiting a higher reflectance than the alkaline texture assumed for the 
simulation, and the experimentally formed surfaces recombine significantly more than assumed for the simulations. 
However, the experimentally found cell concept dependent differences in performance are in good agreement with 
the performed simulations as shown in Fig. 3c. 
The highest independently confirmed efficiency values on mc-Si wafers to date, calibrated on a non-reflecting 
chuck, are max = 17.4 % for the EG material with b = 0.4 cm and max = 16.9 % for material ‘UMG 5N’, see 
Table 1. The reported results were obtained from the first experiment on mc-Si with a process sequence which has to 
be further optimized. Despite this early development stage of the BOSCO process, the efficiencies of the mature 
PERC process are approached and even excelled for the very cheap 4N material. 
4.2. Bifacial illumination 
To determine the effect of the vias for double-sided collection and bifaciality, BOSCO cells with and without 
vias have been processed. Fig. 5b depicts internal quantum efficiencies of neighbouring cells with and without holes 
measured from the front and rear side, respectively, on a non-reflecting chuck. The vias allow higher carrier 
collection in the red regime when illuminated from the front side and, for rear side illumination, significantly higher 
collection across the entire wavelength range. It has to be noted that while the rear-side emitter in-between busbars 
is isolated from the front side for the cell without vias, it still collects additional current from the rear side emitter 
across the edges (in the areas left and right of the outer busbars). That is, double-sided collection is not switched off 
completely but significantly decreased. A cell with a front side emitter only would exhibit an even lower IQE from 
the rear side compared to the depicted curves in Fig. 5b. Hence, Fig. 5b illustrates that the BOSCO solar cell concept 
allows for significant carrier collection for rear side illumination even when using low-diffusion-length material 
such as mc-Si.  
In order to investigate the effect of bifacial operation on output power, glass/glass (with EVA encapsulant on 
both cell sides) mini-modules of first 5’’ prototype cells with and without vias have been assembled and measured 
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under outdoor conditions applying different scenarios [16]. These are, alternately placing a black, a white and no 
backsheet (this is considered the standard condition) behind the module and using a mirror for pseudo-concentration, 
see Fig. 5c. Although the cells have not been optimised for bifacial illumination, a gain of 13 %rel in PMPP using the 
albedo of the surrounding has been measured compared to a setup with black backsheet, see Fig. 5c. For the future, a 
significantly higher gain with optimised cells for bifacial illumination is expected. 
 
 
Fig. 5. (a) Internal quantum efficiencies IQE of Al-BSF, PERC and BOSCO cells from neighbouring wafers of material UMG 5N. (b) IQE of 
BOSCO cells with and without holes measured from front and rear side (material EG 9N with 0.4 cm). All measurements have been 
performed on a non-reflecting chuck. (c) Mini-module results for different albedo under outdoor testing conditions. 
5. Conclusion 
This work summarizes numerical simulations of the BOSCO solar cell structure, which features a double-sided 
emitter, and latest experimental results on multi-crystalline silicon. Compared to Al-BSF cells processed in parallel, 
a significant gain in monofacial conversion efficiency of  ≈ 0.6 to 0.8 %abs has been achieved on different silicon 
materials. A further increase in module output power of PMPP = 13 % due to stray radiation entering the module 
from the rear surface under outdoor conditions has been shown. This result demonstrates the possible application of 
bifacial module concepts for low to medium diffusion length material such as multi-crystalline silicon applying the 
BOSCO cell structure with contact grids on either side. The standard busbar layout of the BOSCO cell concept 
allows the use of standard module interconnection technology, which lowers the entry barrier into industrial 
production. 
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